To integrate irreconcilable material properties into a single component, a new class of engineered materials termed "surface composites" has been developed. In this engineered material, the second phase is spatially distributed in the near surface regions, such that the phase composition is linearly graded as a function of distance from the surface. Surface composites are different from existing engineered materials such as "bulk composites" and "functionally graded materials" (FGM). Unlike bulk composites, the surface phase in surface composites is present only at the near surface regions. In contrast to FGM, the graded properties of surface composites are achieved by unique morphological surface modification of the bulk phase. To fabricate surface composites, the initial surface of the bulk material is transformed using a novel multiple pulse irradiation technique into truncated cone-like structures. The laser induced micro-rough structures (LIMS) possess surface areas which are up to an order of magnitude higher than the original surface. The second phase is deposited on the surface using thin or thick film deposition methods. A key characteristic of surface composites is the formation of a three-dimensional, compositionally and thermally graded interface, which gives rise to improved adhesion of the surface phase. Examples of various types of surface composites such as W͞Mo, silica͞SiC, diamond͞steel, etc. are presented in this paper. The unique properties of surface composites make them ideal engineered materials for applications involving adherent thick film coatings of thermally mismatched materials, compositional surface modification for controlled catalytic activity, and creating adherent metal-ceramic and ceramic-polymeric joints.
I. INTRODUCTION
In today's highly demanding technology environment, one of the main challenges in materials design and processing is combining irreconcilable properties of materials in the same component, such as high strength at high temperatures with structural toughness. [1] [2] [3] [4] Engineered materials such as bulk composites and functionally graded materials (FGM) have been developed to combine desirable materials properties into a single component. A schematic diagram depicting the cross section and top view of bulk composites and FGM is shown in Fig. 1 . The composite materials, which are mainly used in structural applications, are generally composed of ceramic, metal, or polymeric matrix with a dispersed second phase. To develop useful bulk composite microstructure, the reinforcement phase should be uniformly dispersed and should possess chemical, thermal, and interfacial compatibility with the matrix. In FGM, the chemical composition is varied either continuously or discontinuously across the thickness so that the properties can be gradually altered. 3 An example for application of FGM is thermally mismatched coatings where the high thermal and residual stresses lead to debonding, delamination, or surface cracking of the coating. One effective way of reducing residual and thermal stresses and enhancing bonding strength is to create an FGM that eliminates material properties discontinuities by grading the material composition near the interface or through the coating. The gradients can be continuous on a microscopic level or they can be in the form of laminates composed of gradients of metals, ceramics, or polymers, or variations in porosity and density. 5 The graded composition in FGM's is created either by powder processing methods or by changing the composition during codeposition of single layer or alternate layer coatings.
In this paper, we describe a new class of engineered materials called surface composites in which the stresses due to thermal mismatch of the two materials are linearly graded near the surface regions. A schematic diagram depicting the cross section and top view of a surface composite structure is shown in Fig. 1 (right) . Surface composites are very different from existing engineered materials such as "bulk composites" and "functionally graded materials" (FGM). Unlike bulk composites, the second dispersed phase in surface composites is present only at the near surface regions. In contrast to FGM, the graded properties in surface composites are achieved by unique morphological surface modification of the bulk phase. Thus, as the top view shows, the surface phase in surface composites is uniformly distributed in the form of clusters on the surface. Linear gradation in composition is achieved by decreasing the cluster size as a function of depth from the surface. The fabrication of surface composites is critically dependent on formation of semiperiodic, micro-rough structures on the surface of the bulk material (metal or ceramic). These structures are formed by using multiple pulse laser irradiation at energy densities in the vicinity of the ablation threshold, the details of which are discussed in the next section. 6 The laser-induced micro-rough structures (LIMS) possess surface areas which may be up to an order of magnitude higher than the original surface.
One of the most important features of surface composites is formation of a mechanically and compositionally graded three-dimensional interface between the two materials. 7 A high degree of adhesion is expected from the two phases due to (i) linear gradation of thermal, mechanical, and residual growth stresses, (ii) creation of a pseudo-diffusion layer between the two materials, (iii) higher interfacial area, and (iv) mechanical interlocking of the two layers. The increase in interfacial area depends primarily on the periodicity and the height of the surface structures. Thus, surface composites represent a unique class of materials which can significantly enhance the adhesion of the surface phase (e.g., coatings) with the bulk material. Other areas of application are in catalysis, corrosion and erosion resistant coatings, and making adherent metal-ceramic interfaces.
II. EXPERIMENTAL
The key to formation of the surface composites lies in the initial surface modification of the bulk material. Conventional methods to obtain periodic, micro-rough surfaces, especially on hard materials, have at best met with limited success. In this paper, we describe a novel method to create micro-roughness on the surface of a bulk ceramic or metal. This method is based on multiple laser pulse radiation on the surface of the bulk material. The laser fluence is controlled near the ablation threshold so that spatially selective removal of the material takes place. The laser-induced micro-rough structures (LIMS) are much different from standard laser etching and surface modification techniques. In conventional laser etching, complete material removal takes place on the irradiated area, thus leading to the formation of a crater on the surface. 8, 9 In the case of multiple pulse laser irradiation, the whole laserexposed area develops a micro-rough structure, without the formation of a crater on the surface. Experiments to understand the mechanisms for formation of these structures have been conducted and will be presented in detail elsewhere. 10 These experiments reveal that the primary mechanism for formation of LIMS is the spatially nonuniform etching of the surface. Under certain laser irradiation conditions, specific areas on the surface, like grain boundaries, act as preferential etching sites leading to the formation of micro-rough structures. The micro-rough undulating structures can be in the form of ridges, cones, fingers, grooves, etc., which have an average periodicity ranging from 1 mm to 200 mm. The ratio of the laser-modified surface area with respect to the original surface area (S͞S 0 ) can be approximated as
where h and r correspond to the height and radius of the structures, respectively, and a is a geometrical factor which depends on the shape of the micro-rough structures. The value of a can vary from 0.5 to 3.0. Typical (h͞r) ratios of 0.1 to 5 have been obtained, resulting in changes in surface area from 10% up to an order of magnitude. Once the LIMS structures are formed, a second phase is deposited on the modified surface to create the surface composite. Standard thin film or thick film deposition techniques like physical or chemical vapor deposition, sol-gel process, etc., have been employed to deposit the second phase on the surface modified bulk material. A typical morphology of LIMS structures is depicted in Fig. 2(a) which shows a whisker reinforced alumina surface modified by the multiple pulsed laser technique, followed by a very thin coating (,1 mm) of a chemically vapor deposited diamond film. As the micro-rough structures are formed perpendicular to the surface in the case of normal incident irradiation, these LIMS structures were imaged after tilting the samples by 60 ± so that the three-dimensional structure of the surface is visible. In this particular example, the bulk material was initially irradiated with 1200 KrF excimer laser pulses at a pulse fluence of 4.0 J͞cm 2 . The figure shows the characteristic truncated conical structures formed on the surface of the alumina substrate. The average periodicity and roughness of LIMS were determined to be approximately 10 mm and 25 mm, respectively. The figure also shows that the walls of the LIMS are not vertical but possess a cone-like slope. This slope is responsible for the linear gradation in composition of the surface composite. Experiments have shown that the angle of the slope can be controlled by optimizing the laser parameters (energy density, number of laser pulses, angle of irradiation, etc.). 10 It should be noted that there are presently no known non-vacuum techniques to create similar surface microstructures in hard ceramic materials. Figures 3(a) and 3(b) show the initial modified surface morphology of W͞Mo surface composite fabricated by this technique. The molybdenum surface was modified with 800 pulses of excimer laser radiation with pulse fluence of 5 J͞cm 2 . Figure 3(a) shows that the modified surface has roughness of ϳ5 mm with an average periodicity of ϳ15 mm. The surface features observed on Mo are more rounded in shape than observed in the earlier sample. This was attributed to the lower viscosity of liquid metals in comparison with ceramics. To create the surface composite, tungsten thick films were sputter deposited. Figure 3(b) shows the surface micrograph of the W͞Mo surface composite. This image was obtained by collecting the backscattered electrons from the electron irradiated surface. As the energy of the backscattered electrons is sensitive to the atomic number, the chemically different regions could be separated in this micrograph. This figure also shows that the surface tungsten phase is uniformly distributed in the form of small clusters (,10 mm) from the surface, giving it a surface morphology shown schematically in Fig. 1 (right) . The size of these clusters decreases with distance from the surface, forming a functionally graded layer.
A. W͞Mo surface composition

B. Silica͞SiC surface composition
Ceramic based surface composites with substrates such as silicon carbide, silicon nitride, and tungsten carbide have also been fabricated by the same method. Figure 4(a) shows the modified surface of a silicon carbide substrate after the laser irradiation process. In this particular example, the surface of the ceramic was irradiated with 700 pulses with a fluence of 3.0 J͞cm 2 . The figure shows the formation of undulating truncated cone-like structures in the material. These structures are formed in the direction of the incoming laser beam, thereby suggesting that preferential etching effects are the primary reason for their formation. Although the LIMS structures appear to be periodic, the periodicity was found to vary from 5 mm to 25 mm, with an average periodicity of approximately 10 mm. These silicon carbide substrates were utilized to fabricate surface composites using a standard sol-gel technique. Figure 4(b) shows the surface morphology of a silica͞SiC surface composite fabricated by this method. In this structure, the second phase fills the valleys and the bulk material. The silica in the silica͞SiC composite forms a viscous layer which coats the surface of the bulk material.
C. Diamond͞steel surface composition
One of the most important applications of the surface composites is the formation of adherent coatings in thermally mismatched systems. As mentioned earlier, strong interfacial strength is expected because of several factors such as (i) increased interfacial area, (ii) graded thermal, mechanical, and residual stresses, and (iii) mechanical interlocking. Thus, this method can be extremely useful for making "surface composites" of thermally mismatched systems, for example diamond coatings steel which possesses a thermal expansion mismatch coefficient of more than 15 3 10 -6 ͞K. This high thermal mismatch typically leads to delamination or fracture of the coating after the diamond film deposition on a planar steel substrate [shown in Fig. 5(a) ]. To determine adhesion interface strength of the surface composites, qualitative indentation tests were performed using a Rockwell diamond Brale indenter in which discrete loads can be varied. Conventionally, for films of equal thickness the minimum loads to which the coating fracture occurs by both indentation and cracking can be used as a measure of coating adhesion. When the coating fracture occurs, a lateral crack is initiated and propagates along the substrate interface leading to debonding of the coating. Figure 5 show surface micrographs of Rockwell indentation tests conducted on diamond steel composites for (a) planar unmodified substrate and (b) surface composite structure. In both these samples, a thin layer of TiN was deposited on the steel substrate to prevent graphitization and diffusion of species during the diamond thick film deposition process. The diamond films were deposited on these substrates using a chemical vapor deposition technique at temperatures in the range of 525 to 550 ± C. The figure shows that in the case of unmodified flat surface, the coatings delaminate even without the application of any load by the indenter, while in the case of surface composite structure, no catastrophic failure of the coating is observed even when a 60 kg indentation load has been applied. Due to the relative low hardness of the surface in comparison with the indenter, plastic deformation of the substrates occurs. Thus, this test shows that adherent second phase materials of high thermal expansion mismatched systems are formed in a surface composite structure.
